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Abstract 

Background: Rotation of the torso while reaching produces torques (e.g., Coriolis torque) that deviate the arm 
from its planned trajectory. To ensure an accurate reaching movement, the brain may take these perturbing 
torques into account during movement planning or, alternatively, it may correct hand trajectory during movement 
execution. Irrespective of the process selected, it is expected that an underestimation of trunk rotation would likely 
induce inaccurate shoulder and elbow torques, resulting in hand deviation. Nonetheless, it is still undetermined to 
what extent a small error in the perception of trunk rotations, translating into an inappropriate selection of motor 
commands, would affect reaching accuracy. 

Methods: To investigate, we adapted a biomechanical model (J Neurophysiol 89: 276-289, 2003) to predict the 
consequences of underestimating trunk rotations on right hand reaching movements performed during either 
clockwise or counter clockwise torso rotations. 

Results: The results revealed that regardless of the degree to which the torso rotation was underestimated, the 
amplitude of hand deviation was much larger for counter clockwise rotations than for clockwise rotations. This was 
attributed to the fact that the Coriolis and centripetal joint torques were acting in the same direction during counter 
clockwise rotation yet in opposite directions during clockwise rotations, effectively cancelling each other out. 

Conclusions: These findings suggest that in order to anticipate and compensate for the interaction torques generated 
during torso rotation while reaching, the brain must have an accurate prediction of torso rotation kinematics. The 
present study proposes that when designing upper limb prostheses controllers, adding a sensor to monitor trunk 
kinematics may improve prostheses control and performance. 
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Background 

Arm movements are among the most frequent and 
important actions in the human voluntary motor reper- 
toire. These complex movements enable us to feed and 
look after ourselves as well as others, build safe shelter 
and perform other life-sustaining activities. Reaching is 
a complex motor action as shoulder and elbow joint 
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torques arise not only from muscles acting at both 
joints, but also from interactions due to the movement 
of other limbs. For instance, extending the elbow while 
flexing the shoulder generates an interaction torque at 
the shoulder joint. These torques depend, in a nonlinear 
fashion, on the motion of adjacent joints. Both beha- 
vioral and simulation studies indicate that a failure 
of the motor commands to account for the interaction 
torques results in severe disturbances of the movement 
trajectory [1-3]. Understanding the biomechanical and 
sensorimotor control processes involved in reaching may 
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help clinicians identify the location of deficits occurring 
in individuals with neurological disorders. 

Arm movements often occur simultaneously with 
trunk rotations, such as when approaching an object out 
of reach on our side. Moving the trunk can also be used 
as a strategy to move the arm in space when arm move- 
ments are impaired as a result of brain damage [4]. 
Importantly, trunk rotation during reaching produces 
Coriolis torques that push the arm perpendicularly to 
the hand-velocity vector and in the opposite direction of 
the rotation. Without taking into account these torques, 
it would be impossible for the brain to command 
smooth and accurate arm movements. These move- 
ments may include those that accompany our own 
displacements or more specifically, those that we admire 
in sports and dance. The inertial Coriolis force is 
dependent on the cross product of the linear velocity of 
the arm and the angular velocity of torso rotation. 
Several studies have shown that when body rotations 
cannot be detected accurately, as during sustained passive 
body rotation at a constant velocity [5], the trajectories 
and endpoints of reaching movements are first deviated in 
the direction of the Coriolis force applied on the arm 
[6-9]. After a few movements produced under such condi- 
tions, the hand trajectory straightens, thereby increasing 
endpoint accuracy e.g., [8]. It is believed that this improve- 
ment is a result of motor adaptations to Coriolis perturba- 
tions. Furthermore, Pigeon et al. [5] showed that when we 
reach for an object while simultaneously rotating the 
torso, despite the potential for trunk motion to perturb 
arm movement, the reach is still accurate. This observa- 
tion holds true even in the absence of visual feedback 
from the hand. The authors demonstrated that, under 
these circumstances, one does not minimize the Coriolis 
torques incumbent on trunk rotation by sequencing the 
arm and trunk motions into a turn followed by a reach. 
Rather, when reaching for an eccentric object, we gene- 
rally move both the arm and trunk simultaneously. In 
building an inverse dynamic model of unrestrained 
reaching movements, Bortolami and colleagues [10,11] 
showed that the Coriolis torques at the shoulder joint 
could be nearly six times larger with torso rotation 
compared to without. One way to maintain movement 
accuracy while simultaneously reaching and rotating the 
trunk would be to correct the deviations of hand trajec- 
tory that result from the additional Coriolis torques 
evoked from the rotation. However, experimental studies 
have suggested that the brain predicts the consequences 
of Coriolis torques either prior to or during trunk 
rotations [5,12]. In either case, a reliable estimate of head- 
trunk kinematics appears to be necessary in order to 
assess the mechanical consequences for the reaching arm. 

The vestibular system provides feedback regarding the 
linear and angular motion of the head over a wide range 



of velocities and frequencies relative to the outside world 
[13]. The integration of this information with proprio- 
ceptive input from the neck muscles provides the brain 
with information on trunk motion [14,15]. There is 
evidence that the brain may use information regarding 
trunk movements to predict the perturbing effects of 
torso rotation on reaching movements [16,17]. However, 
there are several instances where vestibular perception 
of body rotation is impaired. For instance, perception of 
motion may deteriorate with age [18], various diseases 
(e.g., midline cerebellar lesions [19], vestibular neuronitis 
[20], idiopathic scoliosis [21]) and body rotation at a 
constant velocity [6-8]. In such situations, where the 
detection of trunk kinematics is compromised, reaching 
movements should be less accurate. However, it is 
unknown to what extent reaching accuracy deteriorates 
as a result of errors in the perception of trunk rotation. 
On the other hand, because the direction of shoulder 
and elbow torques depends upon the direction of torso 
rotation, it is possible that the relationship between 
underestimating torso rotation and reaching error is 
different for clockwise and counter clockwise rotations. 
To our knowledge, there is no straightforward procedure 
to investigate these issues in human or animal subjects. 
One major difficulty involves assessing the subjects' per- 
ception of their rotation while they are simultaneously 
engaged in a reaching task. Reaching errors may also 
result from errors in movement planning or in control- 
ling arm movements without visual feedback [22-24], 
Therefore, the trajectory deviations produced by 
humans during torso rotation would not provide a 
direct estimate of the effects of miscalculating trunk 
rotations on reaching movements. In this context, 
the use of a biomechanical model emerges as an 
effective means to determine the consequences of 
underestimating torso rotation on simultaneous 
reaching movements. Here, we adapted the biomech- 
anical model of right hand reaching movements pro- 
posed by Pigeon et al. [5] to address the following 
questions: i) to what extend is the brain required to 
alter reaching motor commands to ensure accurate 
hand trajectory despite torso rotation?, ii) what is the 
effect of underestimating torso rotation on right hand 
reaching accuracy? and, iii) does underestimating 
counter- versus clockwise rotations have the same in- 
fluence on reaching accuracy? 

Methods 

Biomechanical model 

The reaching arm was considered as two interconnected 
rigid links (upper arm and forearm) with frictionless joints 
at the shoulder and elbow. Movement of the right hand 
was executed in the horizontal plane and followed a 
minimum jerk trajectory [25]. Hogan [26] showed that the 
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trajectory that minimizes this cost function (i.e., minimum 
jerk) was a fifth order polynomial equation: 

x(t) =x 0 + (x f -Xo) x 10 x (J^j -15 x (J^j + 6 x [^j 

y{t) =y Q + (y f -y 0 ) x 10 x (|) 3 -15 + 6 x (^J 

(1) 

where x 0 and Xf are the initial and final positions, respec- 
tively, T is the duration of the reaching movement and t is 
a vector representing time. Hand velocity was calculated 
from the derivative of the position with respect to 
time and hand acceleration from the derivative of the 
velocity with respect to time. Hand movement charac- 
teristics were determined from previous studies on 
reaching. The reaching amplitude was 0.4 m at the 
resultant peak hand velocity of 1.73 m/s with the 
movement lasting 0.4 s. The target to be reached was 
positioned straight-ahead with respect to the body 
midline (see Figure 1 - lower panels). Because the 
simulated reaching movement was in the horizontal 
plane, Coriolis force deviated the hand only along 
the horizontal plane, therefore only joint torques 
around the vertical axis could correct hand deviations. 
Accordingly, torque due to gravity was not consid- 
ered. As well, viscosity and elasticity due to tendons 
and muscles were not included in the equations of 
motion. 

First, elbow (#i) and shoulder (6 2 ) angles were deter- 
mined from the right hand trajectory (see Figure 1 - upper 



panels) using inverse kinematics equations (Equations 2 
and 3) for a two-link model: 



cos 



-f-L\-L\ 



2 x L\ x L 2 



L 2 x sin(0 2 ) 
L 2 x cos(6^ 



(2) 



(3) 



where L Y and L 2 are the length (m) of the upper and 
lower arm segments, respectively, and x and y are the 
coordinates of the hand position in a shoulder-centered 
system. 

Thereafter, following Pigeon et al. [5], the torques r = 
(ri, r 2 , r 3 ) r at the shoulder, elbow and trunk joints were 

calculated from joint angles Q— (6i,6 2l 6 3 ) T using inverse 
dynamics (equation 4). Trunk rotation and shoulder and 
elbow flexion in the counter clockwise direction were all 
considered positive. For the elbow and shoulder joints, an 
angular position of 0° occurred when the upper arm was 
collinear with both shoulders and when the elbow was fully 
extended (i.e., upper and lower arms parallel to the x axis: 
Figure 1 - lower right panel). Shoulder and elbow joint an- 
gular velocities and acceleration components were obtained 
by numerical differentiation. Torso rotation around the ver- 
tical axis is 6 3 . Counter clockwise and clockwise torso kine- 
matics were simulated using an adapted version (i.e., 
Cartesian initial and final position were replaced by initial 
and angular position) of Equation 1. To simulate underesti- 
mation of torso rotation kinematics, we multiplied the 
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Figure 1 Upper left and right panels) Elbow and shoulder joint angular position (blue lines) and velocity (green lines) during accurate 
reaching movements performed in the absence of torso rotation. Lower left panel) Hand trajectory during the simulated reaching 
movement. Lower right panel) Initial (black lines) and final (grey lines) arm positions. The shoulder joint is located at the origin of the Cartesian 
reference frame. The initial hand position is located at (-0.228 0.25) m and the final hand position is located at (-0.2258, 0.65) m. 
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accurate torso kinematics time-series by 1/G where G was 
a scalar ranging from 1.5 to 1. This procedure permitted us 
to scale down the accurate kinematics of torso rotation to 
create the underestimated kinematics (see Figures 2 and 3). 
To assess the magnitude of the underestimation in torso 
rotation kinematics, we determined the maximum trunk 
accelerations of the accurate and each of the underesti- 
mated torso kinematics time-series. Thereafter, we perfor- 
med a rule of three: underestimation of trunk kinematics 
(%) = 100 - ((underestimated peak trunk acceleration x 
100)/accurate peak trunk acceleration). Underestimations 
of trunk rotations were simulated from 0% (i.e., no torso 
kinematic error: accurate lines in Figures 2 and 3) to 33% 
(larger error in perception of torso rotation: underestimated 
lines in Figures 2 and 3). 

T = T + T + T + T 

net Normal inertial inertial interaction Centripetal Coriolis 

r = H 4 6 4 + (h 2 6 3 + H 5 8 2 ) + (hdj + hdfj 

+ (2h 4 d 3 62 + 2h i e 1 d 2 ) 
t = H 6 6 2 + (h 3 6 3 + Hsh) + (Ms + hdfj 

+ (2/z 6 0 3 0i) 
t = H i<9 3 + (h 2 6i + H 3 6 2 ) + (hid\ + h 2 e^) 

+ (2A1M1 + 2h 2 6 3 d 2 + 2/z 2 0i0 2 ) 

(4) 



Equation 5 is a simplification of Equation 4. 

t=h'6+A (5) 

In Equation 5, H and A are: 

(H4 H5 H 2 \ 
Hs H 6 H 3 
H 2 H 3 Hi ) 

( hzdl + fael + 2^6362 + 2h 4l e 1 e 1 \ 
\ h x e\ + h 2 e\ + 2h 1 e 3 e 1 + 2h 2 e 3 e 2 + 2h 2 e 1 e 2 ] 

Matrix H and A are described in detail by Pigeon 
et al, 2003. The anthropometric data were related to the 
height (1.78 m) and mass (80 kg) of the model according 
to the literature. Segment length (L), expressed as a per- 
centage of body height, was drawn from [27]. Segment 
mass (m), moment of inertia (I) and distance to the 
centre of mass from the proximal joint (r) were com- 
puted from Dempsters table [28]. 

To predict joint angles from the torques (i.e., forward 
dynamics), Equation 5 was inverted. 

6=H- l {^ -A) (6) 

Shoulder and elbow joint torques (i.e., Coriolis, centri- 
petal, inertial interaction and normal inertial torques) were 
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Figure 2 Left column) Angular position for accurate (green lines) and underestimated (blue lines) counter clockwise torso rotations. 

Right column) Angular velocity for accurate (green lines) and underestimated (blue lines) counter clockwise torso rotations. Upper panels depict 

torso kinematics, middle panels shoulder kinematics and lower panels elbow kinematics. 
\ . J 
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Figure 3 Left column) Angular position for accurate (green lines) and underestimated (blue lines) clockwise torso rotations. Right 

column) Angular velocity for accurate (green lines) and underestimated (blue lines) clockwise torso rotations. Upper panels depict torso 

kinematics, middle panels shoulder kinematics and lower panels elbow kinematics, 
k J 



calculated (i.e., inverse dynamics, Equation 7) in relation to 
the underestimation of trunk rotation kinematics (the hats 

over 63 and 63 indicate that the underestimated torso 
kinematics were used to calculate either joint torques 
(Equation 7) or angular kinematics (Equation 8)): 
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t = HO + A 



(7) 



From Equation 7, the predicted shoulder and elbow 
joint torques were altered due to the underestimation of 

torso rotation. Thereafter, these altered joint torques (?) 
were used in equation 8 as input into the forward 
dynamic equation to determine elbow and shoulder joint 
kinematics: 



(8) 



Then, from the elbow and shoulder joint angular kine- 
matics, hand trajectories were determined using forward 
kinematics. 



Results 

Although it was expected that the net shoulder and 
elbow joint torques would be altered when reaching 
during torso rotation (to avoid hand trajectory deviation 
and ensure accurate reaching), it remained to be deter- 
mined how the net joint torques would be altered and 
whether these changes would depend on the direction of 
torso rotation. To our knowledge, no study has calcu- 
lated the change in net shoulder and elbow joint torques 
that allow for accurate reaching movements during 
counter clockwise and clockwise torso rotations. The 
outcomes of the biomechanical model revealed that 
regardless of the direction of torso rotation, the increase 
in net shoulder joint torque was much larger than the 
increase in net elbow joint torque (Figure 4 - upper 
panels). For instance, the mean changes in net torques 
(i.e., root mean square value of the difference between 
the torque during torso rotation compared to the torque 
in the absence of torso rotation: Figure 4 - lower panels) 
during counter clockwise rotation were 7.93 Nm and 
1.59 Nm the for shoulder and elbow joints, respectively. 
During clockwise rotation, the computed torque changes 
were 7.48 Nm (shoulder) and 1.13 Nm (elbow). Overall, 
the increase in both net torques secondary to torso rota- 
tion was similar and did not depend upon the direction 
of the rotation. 

When underestimating the acceleration of torso rota- 
tion (i.e., larger torso acceleration underestimation: 
33%), the biomechanical model showed that the hand 
deviated from a straight-ahead trajectory in the opposite 
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Figure 4 Net shoulder and elbow joint torques required to reach the target in the absence of torso rotation (Shoulder and Elbow 
lines) and during counter clockwise (left upper panel) or clockwise rotations (right upper panel). Root mean square (RMS) of net shoulder 
and elbow joint torques for counter clockwise (left lower panel) and clockwise (right lower panel) rotations. 



direction of the rotation (i.e., in the direction of the 
Coriolis force generated on the arm: Figure 5 upper and 
lower left panels). Remarkably, the hand trajectory devi- 
ated further during counter clockwise as opposed to 
clockwise torso rotation. This was irrespective of the fact 
that the changes in net shoulder and elbow joint torque 
due to the underestimation of torso rotation were simi- 
lar (RMS value calculated between joint torques accurate 



and underestimated torso rotation: shoulder = 2.53 Nm 
and 2.77 Nm and elbow joint = 0.46 Nm and 0.66 Nm, for 
clockwise and counter clockwise rotation, respectively). 

We computed the final hand error by measuring the 
Euclidean distance, at movement offset, between the 
hand position measured when torso rotation was 
underestimated and when it was correctly perceived. 
The errors increased along with the magnitude by which 
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Figure 5 Upper left panel) Hand trajectories for accurate estimation of counter clockwise torso rotation (green lines) and for the larger 
underestimation of counter clockwise torso rotation (blue line). Upper right panel) Net shoulder and elbow joint torques (i.e., shoulder 
accurate and elbow accurate lines) during accurate perception of torso rotation, resulting in accurate hand trajectory, and net shoulder and 
elbow joint torques (i.e., shoulder underestimation and elbow underestimation lines) during the larger underestimation of counter clockwise 
torso rotation, resulting in underestimated hand trajectory. Lower panels) Same caption, but data are for clockwise torso rotation. 
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the torso rotation was underestimated (Figure 6). It is 
worth noting that the effect of misjudging trunk rotation 
on final hand error was greater for counter clockwise 
than for clockwise rotations. For instance, underesti- 
mating counter clockwise torso rotation by only 10% 
induced a final hand deviation as large as 11.1 cm. Com- 
paratively, as the underestimation of trunk rotation in 
the clockwise direction increased, the final hand angular 
error did not increase considerably. For example, under- 
estimating the trunk rotation by 33% led to a final hand 
deviation of only 3.8 cm. In contrast, the same degree of 
perceptual error for counter clockwise rotation resulted in 
a final hand deviation of 32.2 cm (i.e., -8.5 times larger). 

To gain insight into the differences in final hand error 
between rotational directions, we calculated the difference 
in the torque time-series between accurate (i.e., torso 
rotation underestimation = 0%) and underestimated trunk 
rotations (i.e., torso rotation underestimation > 0%) for the 
Coriolis, centripetal, inertial interactive and normal inter- 
active torques (note that the normal interactive torque 
was unaffected by torso rotation therefore it is not illus- 
trated in Figure 7). Thereafter, we summed the difference. 
This calculation was repeated for every percentage of 
torso rotation underestimation. The result of this calcula- 
tion was called torque error (elbow and shoulder joint 
torque errors: Figure 7 - upper and middle panels). For 
each joint, we also summed the Coriolis, centripetal and 
inertial interactive torque errors (sum of torque errors: 
Figure 7 - lower panels). A joint torque error larger than 
zero indicates that the joint torque during underestimated 
torso rotation was smaller than the torque for accurate 
perception of torso rotation (i.e., torques leading to accur- 
ate straight-ahead reaching trajectory despite trunk 
rotation). In contrast, a joint torque error smaller than 



CCW rotation 

CW rotation 



zero implies that the joint torque generated during 
underestimated torso rotation was larger than the torque 
for accurate perception of torso rotation. 

Because the underestimation of clockwise rotations led 
to smaller hand deviations than counter clockwise rota- 
tions, joint torque errors may have been a function 
of trunk direction. Consequently, it is expected that the 
elbow and shoulder joint torque error should approach 
zero during clockwise rotation. The analysis of each 
torque error revealed that at the elbow joint, contrary to 
counter clockwise rotations, the Coriolis torque was in the 
opposite direction of the centripetal torque during clock- 
wise rotations (Figure 7: upper right panel vs. upper left 
panel). Therefore, during clockwise rotation, these torques 
acted primarily to counterbalance each other. This is 
evidenced by the sum of elbow joint errors for clockwise 
rotation (Figure 7: lower right panel), which is close to 
zero. Furthermore, similar patterns are observed for the 
Coriolis and centripetal shoulder joint torques. Contrary 
to counter clockwise rotation, these torques cancelled 
each other during clockwise rotation (Figure 7: middle 
right panel). For counter clockwise rotations Coriolis and 
centripetal torques evolved in the same direction for both 
joints (Figure 7: upper and middle left panels). As a result, 
the sum of the torque errors at both joints was larger for 
counter clockwise versus clockwise rotation (Figure 7: 
lower left panel). Consequently, the torques pushed the 
arm to a greater extent during counter clockwise rota- 
tions, leading to greater deviations in trajectory and final 
hand error in the former condition. It is worth mentioning 
that regardless of rotational direction, underestimating 
trunk rotation had a negligible effect on the elbow joint 
inertial interaction torque error. However, it did result in a 
marginal increase at the shoulder joint in both directions. 
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Figure 6 Final hand error as a function of the percentage of the underestimation of counter clockwise (blue line) and clockwise torso 
rotation (green line). 
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Figure 7 Left upper and middle panels) Coriolis, centripetal and inertial interactive torque errors for the elbow and shoulder joints as 
a function of the percentage of the underestimation of counter clockwise torso rotation. Lower left panel) Sum of torque errors for the 
elbow and shoulder joints as a function of the percentage of the underestimation of counter clockwise torso rotation. Right upper and middle 
panels) Coriolis, centripetal and inertial interactive torque error for elbow and shoulder joints as a function of the percentage of the 
underestimation of clockwise torso rotation. Lower right panel) Sum of torque errors for the elbow and shoulder joints as a function of the 
percentage of the underestimation of clockwise torso rotation. 



Finally, the sum of both net joint errors, normalized by 
the percentage of underestimation, demonstrated that the 
net elbow and shoulder joints torque errors are approxi- 
mately 5 and 12 times larger for counter clockwise com- 
pared to clockwise rotation (Figure 8). 

Discussion 

Torso rotation while reaching for an object creates 
additional torques (e.g., Coriolis) on the arm that must 
be accounted for by motor commands in order to ensure 



accurate movement. As the magnitudes of these torques 
depend on trunk angular kinematics, misperception of 
trunk rotation may therefore alter reaching accuracy. 
The feedforward 2-D biomechanical model presented 
herein aimed to assess the consequences of underestimat- 
ing torso rotation on reaching accuracy and to determine 
whether these consequences depend on the direction of 
torso rotation. 

The outcomes of the current model support the model 
proposed by Bortolami et al. [11]. Their model showed 




Elbow CCW Shoulder CCW Elbow CW Shoulder CW 

Figure 8 Sum of net elbow and net shoulder joints torque errors per percentage of torso rotation underestimation for counter 
clockwise (CCW) and clockwise (CW) rotation. 
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that for counter clockwise rotations, in comparison to 
reaching in the absence of torso rotation, the amplitudes 
of the net shoulder and elbow torques are scaled up to en- 
sure accurate final hand position despite body rotations. 
However, this model was not developed to determine the 
consequences of the direction and the misperception of 
torso rotations on reaching accuracy. The novel observa- 
tion provided by the present model is that the accuracy of 
reaching movements performed during trunk rotation 
decreases with increasing underestimations of trunk 
rotation. As well, this model shows that the amplitude of 
the final hand error is larger for counter clockwise rota- 
tions than for clockwise rotations. Indeed, regardless of 
the magnitude of the underestimation for clockwise 
rotation, the Coriolis and centripetal torques partly cancel 
out, thereby reducing the detrimental effect of errors in 
perceiving trunk rotation on right hand trajectory. As 
these torques acted in the same direction for counter 
clockwise trunk rotations, the resulting net sum of 
residual torques at the shoulder and elbow joints were 
considerable. In this case, movement accuracy was largely 
affected by rotational underestimations. If the simulated 
reaching movement had been performed with the left 
hand, the underestimation of clockwise rotation would 
have induced a larger final hand error as the Coriolis and 
Centripetal torque errors would not, in this case, cancel 
each other out. In contrast, a smaller final hand error 
would be observed for left hand reaching during counter 
clockwise rotation. 

Our feedforward model simulated error (i.e., under- 
estimation of torso acceleration) occurring during the 
planning stage of reaching. Therefore, it excluded any 
online correction of hand deviation based on arm pro- 
prioception or vestibular and visual information (i.e., 
feedback control). According to current motor control 
models, for self-generated torso and reaching move- 
ments, the brain may use motor commands in conjunc- 
tion with internal models of both the arm and trunk to 
anticipate the resultant perturbing torques and thereby 
adjust the arm motor commands in a feedforward man- 
ner e.g., [29]. For example, while reaching in the absence 
of trunk movement, muscle activity in the shoulder and 
elbow joints varies in a predictive manner to compensate 
for interaction torques arising from multi- joint dynamics 
[3,30-32]. Therefore, to reach accurately while the torso 
is rotating, the brain likely uses internal models to 
predict and offset the kinematic consequences of inter- 
segmental dynamics [5,16,17]. Sensory information is 
crucial to develop, maintain and update such internal 
models e.g., [33,34]. Consequently, accurate internal 
models of the trunk and arm are essential to perform 
accurate reaching movements during voluntary head 
and torso rotations. Based on this proposition and 
our model, hand movement inaccuracies observed in 



patients with vestibular defects most likely result from 
an underestimation of the mechanical consequences of 
trunk movements on their arm [35-37]. In addition, 
patients with moderate and severe impairments in a par- 
etic arm will move their trunk to reach an object even if 
it is not necessary [4]. Therefore, it is possible that any 
reaching inaccuracy they experience may, in part, be due 
to an imprecise internal model of trunk motion. Conse- 
quently, training programs aiming to improve reaching 
movements in these populations should involve exercises 
implying arm movements towards various target loca- 
tions during trunk rotations. Furthermore, the present 
results suggest that when designing upper limb pros- 
theses controllers, adding a sensor that monitors 
trunk kinematics could improve prostheses control and 
performance as torso motions would be taken into ac- 
count by the controller. 

Potential limitations 

Our feedforward model did not attempt to evaluate the 
use of sensory cues related to trunk kinematics to correct 
hand trajectory during the movement (i.e., online correc- 
tion based on error- feedback signals). It is likely that these 
cues (e.g. vestibular), in conjunction with the monitoring 
of the motor commands, offer enough information to con- 
trol self-induced interaction torques as they arise during 
torso rotation. Nonetheless, well-learned movements such 
as manual reaching do not heavily rely on continuous 
feedback control. For example, adaptation studies have 
revealed that a sudden change in the inertial configuration 
of the arm during reaching induces initial errors in 
reaching that can be well predicted by an open-looped for- 
ward model [38]. On the other hand, the lack of experi- 
mental data to validate the outcomes of the biomechanical 
model could be seen as another limitation of the present 
study. The acquisition of such data would require us to 
determine the perception of torso rotation, either in 
healthy individuals or subjects with neurological patholo- 
gies. While this can be performed relatively easily after the 
rotations [39-41], assessing real-time errors in the percep- 
tion of torso rotation kinematics proves to be much more 
challenging, especially when subjects are involved in a 
concomitant reaching task. Finally, to further explore the 
effect of torso rotation misperception on reaching accur- 
acy, it would be informative to assess the effect of arm 
movements in different directions relative to the body and 
to gravity. 

Conclusion 

The present study demonstrates that even small errors 
in perceiving or predicting the kinematics of counter 
clockwise torso rotation may impair the accuracy of 
reaching movements. However, errors in estimating 
clockwise rotation appear less detrimental to movement 
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accuracy as in this instance, the shoulder and elbow 
joint torques work to effectively reduce hand deviation. 
Finally, according to the outcomes of the feed forward 
model, healthy individuals likely possess accurate inter- 
nal models of their arm and torso kinematics so that 
they normally show small errors when reaching for a 
target while simultaneously rotating their trunk [5,42] . 

Endnote 

1 As vestibular receptors respond to head acceleration, 
the perception of body motion is impaired when the 
body rotates at constant velocity. The large reaching 
errors that have been reported during such rotations 
[6-9] suggest that proprioceptive and cutaneous inputs 
provide little information about body rotations. 
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